
FINAL REPORT 

TO 

US ARMY RESEARCH OFFICE 
RESEARCH TRIANGLE PARK, NC 27709 

FOR 

Theoretical Studies and Modeling of III-V Nitride Materials and Devices 

for Optoelectronic Applications 

ARO Grant No: DAAH04-96-1-0431 
NCSU FAS No: 5-30684 

Submitted by 

North Carolina State University 
Department of Electrical and Computer Engineering 

Raleigh, North Carolina 27695-7911 

For the Period September 1, 1996 - June 30, 1997 

-77- 
Dr. K. W. Kim 

Principal Investigator 
(919)515-5229 

v_ 

SUBMITTED MARCH, 1999 



REPORT DOCUMENTATION PAGE 
Form Approved 

OMB NO. 0704-0188 

Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching 
existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comment regarding this 
burden estimates or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, 
Directorate for information Operations and Reports. 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management 
and Budget, Paperwork Reduction Prolect (0704-0188.) Washington. DC 20503.  

1. AGENCY USE ONLY ( Leave Blank) 2. REPORT DATE 
03/99 

3. REPORT TYPE AND DATES COVERED 
Final Report (09/01/96 - 06/30/97) 

4. TITLE AND SUBTITLE 
Theoretical Studies and Modeling of I 
Optoelectronic Applications 

-V Nitride Materials and Devices for 
5. FUNDING NUMBERS 
DAAH04-96-1-0431 

6. AUTHOR(S) 
Ki Wook Kim 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
North Carolina State Univ. 
Dept of Electrical and Computer Engineering 
Raleigh, NC 27695  

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

U. S. Army Research Office 
P.O. Box 12211 
Research Triangle Park, NC 27709-2211 

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

f\(Lo h xxH-.i-et 

11. SUPPLEMENTARY NOTES 
The views, opinions and/or findings contained in this report are those of the author(s) and should not be 

construed as an official Department of the Army position, policy or decision, unless so designated by other 
documentation. 

12 a.   DISTRIBUTION / AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited. 

12 b.  DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

Two main objectives of this research program include: (1) investigation of the fundamental material, transport, and optical 
properties of Ili-V nitrides; and (2) simulation and design optimization of GaN-based optoelectronic devices. Study of fundamental 
physical properties (such as carrier scattering and optical transitions) is based on an envelope function formalism for accurate 
description of band spectrum in bulk and confined structures. Numerical analyses and optimization of GaN-based devices are 
approached by solving a set of coupled equations self-consistently. This research initiative has provided valuable insight for the 
development and optimization of lll-V nitride optoelectronic devices, particularly, blue/UV quantum well lasers. 

14. SUBJECT TERMS 15. NUMBER OF PAGES 

16. PRICE CODE 

17. SECURITY 
CLASSIFICATION 

OR REPORT 
UNCLASSIFIED 

18. SECURITY 
CLASSIFICATION 

ON THIS PAGE 
UNCLASSIFIED 

19. SECURITY 
CLASSIFICATION 

OF ABSTRACT 
UNCLASSIFIED 

20. LIMITATION OF 
ABSTRACT 

UL 
NSN 7540-01-280-5500 

(Rev.2-89) 
Standard Form 298 



\ 

PROJECT SUMMARY 

Two main objectives of this research program include: (1) investigation of the fundamental 
material, transport, and optical properties of III-V nitrides; and (2) simulation and design optimization 
of GaN-based optoelectronic devices. Study of fundamental physical properties (such as carrier scatter- 
ing and optical transitions) is based on an envelope function formalism for accurate description of band 
spectrum in bulk and confined structures. Numerical analyses and optimization of GaN-based devices 
are approached by solving a set of coupled equations self-consistently. This research initiative has pro- 
vided valuable insight for the development and optimization of III-V nitride optoelectronic devices, 
particularly, blue/UV quantum well lasers. 

SUMMARY OF RESEARCH PROGRESS 

During the project period, we developed an envelope function formalism for band spectrum in 
bulk wurtzite semiconductors and quantum wells; extracted a set of material (including strain-related) 
parameters for GaN-based structures; derived a unified approach for optical transitions between valence 
and conduction bands (including intervalence band transitions); and obtained results on hole-phonon 
scattering and transport characteristics in GaN. Furthermore, coupled Poisson-Schrödinger equations 
were solved self-consistently under the envelope function formalism and the effects of strain and 
piezoelectric field on optical gain were studied in GaN quantum well laser structures. A brief descrip- 
tion of each result is given below. More details can be found in our publications whose list is pro- 
vided at the end of this section. 

• An envelope function formalism for the valence band spectrum of wurtzite structures was 
developed starting from the Rashba-Sheka-Pikus Hamiltonian for coupled T9, T7, and T7 levels. 
A cubic approximation has been derived for 10 (16 in the presence of strain) material constants 
for hole band structure, and the commonly used notation of Bir and Pikus has been corrected. 
The concept of wurtzite as a prestrained cubic material was introduced quantitatively by deriving 
a relationship between the hexagonal crystal field splitting and the equivalent additional biaxial 
strain components. 

• The valence band parameters of wurtzite GaN were estimated by matching the results of existing 
ab initio energy band calculations with analytical expressions of the envelope-function formalism. 
In addition, deformation potentials and splitting energies for GaN were determined by nonlinear 
fitting to the experimental results. The calculated A-, B-, and C-type hole dispersion relations 
show strongly anisotropic characteristics and anti-crossing features in energy spectrum due to 
band mixing effects. 

• Valence band structures in pseudomorphically strained quantum wells have been obtained by con- 
structing an analytical solution and/or purely numerical calculations. Results of both approaches 
are in perfect agreement with each other providing a validation for both methods of calculations. 
A detailed analysis was conducted for the dependence of hole spectrum on quantum well width, 
depth, and strain due to lattice mismatch. 

• Matrix elements for optical transitions from the conduction band to the valence bands as well as 
between valence bands (i.e., intervalence band) have been derived analytically. Dependence of 
the transition matrix element on the emitted light polarization and/or strain was analyzed in detail 
and interpreted based on the symmetry properties of carrier Bloch states in wurtzite-type crystals. 
Furthermore, calculations have been conducted for optical gain in both bulk and GaN-based quan- 
tum wells. Unlike the unstrained cubic materials, the optical gain in bulk wurtzite GaN exhibits 
a strong polarization dependence.  For a given carrier concentration, the peak gain is the largest 
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when the electric field is perpendicular to the c axis. The calculated transparency concentration is 
consistent with the experimental data. 

Electron transport properties have been described for GaN in bulk and quantum wells. First, 
ensemble Monte Carlo calculations of steady-state electron drift velocity were obtained as a func- 
tion of the applied electric field. Transient transport was also studied to examine the role of 
ballistic electron effects. We demonstrated that in most cases, electrons in GaN lose their 
directed average velocity over distances of only 10-20 nm, and ballistic transport occurs only 
within such short distances. 

Hole scattering was treated using an accurate description of the valence band states in würtzite- 
type structures. In particular, analytical expressions for the Bloch overlap factors (describing hole 
scattering by Coulomb impurities and polar optical phohons) have been derived. Dependence of 
the scattering matrix elements on wave vector direction and/or applied strain has been discussed 
and compared to the similar values in cubic structures. It has been demonstrated that compared 
to the cubic symmetry, an additional anisotropy appears in hexagonal crystals due to the existence 
of a preferential direction (c-axis). 

A self-consistent calculation of optical gain and the corresponding differential gain was performed 
for pseudomorphically strained GaN quantum wells as a function of carrier density. Based on the 
local exchange-correlation potential, electron and hole band structures were obtained by coupling 
Poisson's equation with an effective-mass Schrbdinger equation in the conduction band and an 
envelope-function Hamiltonian in the valence band. Our calculations show that self-consistent 
calculations including the piezoelectric effects are essential for accurate description of strained 
wurtzite quantum-well structures. 
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